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ABSTRACT 
This research report presents a unique equipment 
design for the measurement of transmission rates through 
polymer sheets and polymer coated concrete. Through the 
use of an electrolytic moisture monitor, an easy and 
accurate method for measuring up to 1.687 x 10-3 gm/min 
of water was designed. A procedure for the use of the 
equipment is outlined. The operation of the equipment 
requires a minimum of operator time. 
The transmission rates of materials exposed to salt 
and tap water were quantitatively determined and lead to 
the following qualitative ranking from least to most permeable: 
Teflon FEP <Mylar< EPDM < Hypalon < TPX < Neoprene 
The effects of salt concentration, polymer structure, 
temperature, pressure, and thermal history on transmission 
rates is discussed. Preliminary results with resin concrete 
shows it poorer than Neoprene but better than plain concrete 
with respect to resistance to water passage. Initial work 
on solubility of water in polymers is given. Diffusion 
appears to be more important than solubility in the polymers 
tested. 
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INTRODUCTION 
The research work presented was sponsored by the Office of 
Saline Water, U.S. Department of the Interior. The OSW is
 con-
) cerned with the many facets of desalinization from fundamental 
theories to practical application of those theories. Amon
g the 
many methods available for desalting water is the relativel
y sim-
ple concept of flash distillation. With the use of pipe st
ills, 
which consist of tubing arranged in a furnace setting, the 
brack-
ish water is heated until a sufficient temperature is reach
ed to 
vaporize part of the feed. The vapor remains in contact wi
th the 
( \r,e-m~ining liquid until the exit of the pipe still. 
) 
Through the 
. 
pipe still tubes, a considerable pressure drop may develop, 
de-
pending on the degree of vaporization. At the exit of the 
tubes, 
the flow enters a flash distillation chamber which is consi
derably 
larger than the tubing. The effect is to reduce the pressu
re of 
the liquid and make the latent heat of vaporization availab
le 
from the sensible heat of the liquid. The result is additio
nal 
vaporization or flashing. 
It has been suggested that concrete could be employed as 
the material of construction at considerable cost savings i
f a 
suitable means of protecting the concrete could be found. 
A pro-
tective coating is necessary because concrete is highly sus
ceptible 
to corrosion from salt, as any one who has seen his salted 
driveway 
crumble will attest. Salt water has two effects on the con
crete: 
' 
1) leaching of the CaO causing the structure to crumble and 2) 
exchanging of the cation with the sulfate ion causing expa
nsion 
-2-
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and stress in the concrete. The sulfate ion has been found to be 
the main cause of corrosion. The main objective of the program, 
of which this study forms a part, was to investigate the feasibil-
ity of protecting concrete and through study suggest materials 
that would accomplish the task. 
To be economically feasible, the distillation chamber would 
require a life of 20 to 30 years with exposure to sea water at 
290°F and elevated pressures. At present, fouling in the tubing 
of the still has restricted the maximum temperature reached to 
150°F. It was hoped that we could look at materials under these 
temperature conditions. 
the: 
. 
In investigating the problem it was important to learn about 
1) adhesion characteristics of specific polymer-concrete 
systems 
2) performance of specific polymer-concrete systems on 
exposure to operating conditions for long periods of 
time 
3) characteristics of specific polymers in preventing salt 
and water from reaching the concrete 
4) effects of salt and water on the polymer-concrete 
interface 
This report deals with the characterization of polymers in 
regard to their ability to keep salt water from the concrete. It 
was felt that the less water that would reach the concrete, the 
longer the life-span of the equipment would be, If the passage 
of water was too great, it is possible the polymer-concrete inter-
-3- \ 
face· might ~eriously deteriorate. For these r
easons it was consid-
ered important to learn about the transmission
 of water through 
polymers to make an intelligent decision on th
e value of using the 
polymer. 
While other members of the research group had 
responsibility 
for other areas of the problem, this research 
concentrated on 
learning the important factors involved in the
 transmission of 
water and in the collection of data on materia
l that might prove 
to be excellent coatings or barrier films. Th
e work involved the 
design of an apparatus to measure transmission
 rates and the gather-
ing of results from the equipment. 
BACKGROUND 
Polymers have the ability to transmit liquids,
 gases and vapors 
and this property is called permeability. It 
is often an important 
factor in determining the usefulness of a poly
mer in a given ap-
plication. Material that is used in meat pack
aging must be imper-
meable to water but at the same time allow oxy
gen to pass through 
to maintain the red color of the meat. The im
portance of permea-
bility in the trans-atlantic cable is obvious.
 The list goes on 
and on.· While it is important to have polyme
rs that are impermeable 
many advantages have been taken of polymers th
at are very permeable. 
Membranes for water desalination are an examp
le. This leads to 
another consideration and that is the selectiv
ity of a polymer 
,, for various penetrants. This section
 will provide a basic intro-
0'.<1 
.. duction int'o the theory and then explain some 
of the structural 
considerations that give a polymer its permea
bility properties. 
-4- \ 
A tacit assumption made in permeability considerations is th
e 
homogeneity of the polymer or that discrete holes and pores 
do not 
exist within the polymer. They do not function as molecula
r sieves 
or act under Gtaham-type diffusion through holes. Instead 
the per-
meation process occurs by an activated diffusion process. 
Migration of the permeant can be visualized as a series of 
unit diffusion steps or jumps during which the particle passes 
over a potential barrier separating one position from the n
ext. 
This requires a certain activation energy which originates 
in the 
thermal vibration of molecules and in the innate structural
 charac-
teristics of the polymer and penetrant. 
The process may be summarized in three steps: 
(1) Condensed penetrant dissolves in the surface layers 
(2) Penetrant migrates by unit diffusion steps through 
the bulk under a concentration gradient 
(3) Penetrant evaporates at the surface of low concentration. 
In summarizing it is apparent that the permeability process 
would 
be a function of the solubility and diffusivity of the pene
trant 
polymer system. 
Diffusion is govenrned by Fick's Law. The usual form of 
Fick's First Law for one dimensional steady state diffusion
 is: 
J = -D _d_C_ 
ax 
where J is the amount of material di fusing in a 
unit time per unit area perpen icular to the 
x-axis (flow rate/area). J is the diffusion 
flux and is analogous to Newton's Law of 
viscosity and Fourier's Law. 
(1) 
i1 1 ' 
I 
! : 
\ 
.,,'• ··/·'.: -,,-\ ,'''• . , .·•:;··1···::·.''f_·· 
·". 
C is the volume concentration of penetra~t 
Xis the distance along the direction in which 
diffusion occurs 
Dis the proportionality factor called the 
diffusion coefficient or diffusivity. 
} Writing a balance about the differential section shown below:
 
··:',\ 
I I 
11 
~ 
11 p2. 11 
I I 
I I 
I I 
X=o X=.,{ 
The flux at x + dx will be 
(2) 
The amount of perrneant retained/unit volume is -( d%x) which by 
the physical situation is ( de./~ ) . Subtracting equation 1 from 2, 
J + ~Jx J j ~ _ D~ -~J.dc.)J Ddc. 
.x dX X X ,:})< d)< ,a.x X + ~x 
and knowing that 
~.J" 
J, X 
leads to Fie.k's Second Law 
o(~) 
~c. d (D ~c.x) do+ ~ ~ r:,, 
if Dis assumed constant 
D 
,,, 
" 
·~ 
', 
* 31 
.~\ 
,J 
:~ 
,-; 
"I f • • 
If the restriction of steady-state flow is put 
on the system 
then concentration at any point will be indepen
dent of time (~~ • o). 
From equation 4, J is a constant. D has been s
hown to be indepen-
dent of the magnitude of (~x), as in Ohm's Law res
istance is 
independent of the voltage drop or in heat flow
, conductivity is 
independent of the magnitude of the temperature
 gradient. 
Equation l is easily integrated between two con
centrations 
to give 
Since steady state is considered, the concentra
tion may be related 
to the partial pressure of the penetrant by 
c.::. Sp 
where Sis the solubility coefficient. In Hen
ry's Law region, 
concentration vs. pressure is linear and S is c
onstant so 
J= D S ( P1 - P2. ) /" 
J~;{p, - P2.) and Ds= 
The product DS can be defined as the permeabil
ity constant (P). 
P .= D S = J .R. /( p 1 - p 2.) 
From the definition of J, 
P = AQ - g ~ - (p,-pl.) 
it can be seen that knowing the pressure drop, 
polymer dimensions 
and flow of permeant at steady-state the perme
ability can be de-
termined. 
Since the process is temperature dependent, the
 dependence 
of D, S, and P can be written as follows: 
P= po e.xr ( -Ep /RT) 
D= Do e..><p (-Ed./ RT) 
s = so e.xp (-6~s/RT) 
;:,' 
' .,
C is the volume concentration of penetra~t 
Xis the distance along the direction in which 
diffusion occurs 
Dis the proportionality factor called the 
diffusion coefficient or diffusivity. 
Writing a balance about the differential section shown below: 
11 
11 
~ 
11 p2. 11 
11 
11 
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X=o 
The flux at x + dx will be 
dJ de.. ;;) ( .;}C.\ I j + X dx-=-o--- D~/dx 
X d.>< , d'X c}X 
(2) 
The amount of permeant retained/unit volume is -( d%x) which by 
the physical situation is (de.;'~). Subtracting equation 1 from 2, 
J + ~Jx J j ==- -D~ -~rJ~\J Ddc.. 
.>< dX X X d)< ~>< \d-X/ X + a.x 
and knowing that 
d.J 
dx 
leads to Fick's Second 
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If the restriction of steady-state flow is put on the system 
then concentration at any point will be independent of time (!~ = o). 
From equation 4, J is a constant. D has been shown to be indepen-
dent of the magnitude of c~% x), as in Ohm's Law resistance is 
independent of the voltage drop or in heat flow, conductivity is 
independent of the magnitude of the temperature gradient. 
Equation 1 is easily integrated between two concentrations. 
to give 
Since steady state is considered, the concentration may be related 
to the partial pressure of the penetrant by 
c.::. Sp \ \ 
where Sis the solubility coefficient. In Henry's Law region, 
concentration vs. pressure is linear and S is constant so 
J .: D S ( P1 - P2.) /" 
J~AP1 - Pi.) 
and 
Ds= 
The product DS can be defined as the permeability constant (P), 
P .= D s = J ,R. /( p 1 - P2. ') 
From the definition of J, 
P AQ - g = 4 + - ( P, - P2.) 
it can be seen that knowing the pressure drop, polymer dimensions 
and flow of permeant at steady-state the permeability can be de-
termined. 
Since the process is temperature dependent, the dependence 
of D, S, and P can be written as follows: 
P= po e.xf ( -Ep/RT) 
D = Do e..xp (-Ed I RT) 
s ..: So e.xr (-6l-ls/RT) 
1. 
, · 
i' 
·l 
) 
,. 
·,; 
.: 
.,., 
.. 
ir, 
'! 
where EP is the activation energy for the over-all permeation pro-
cess and is the sum of the Ed' activation energy for diffusion 
and Hs' the heat required in dissolving the permeant. 
The terms D, S , P are independent of the ~mperature and 
0 0 0 
are characteristic of the specific polymer. They are determined 
by the: 
1) nature of the polymer 
2) nature of the penetrant 
3) interaction betweeen the two 
In other words, D, S , P are the factors that result in magnitude 
0 0 0 
changes between different polymer systems at the same temperature, 
pressure, and concentration and result from structural considera-
tions. 
To provide a polymer that is a good barrier, two characteris-
tics are desirable: 
1) The polymer structure must interfere with the ease of 
diffusion which can be accomplished by: 
a. crystallinity 
b. crosslinking 
c. high syrrunetry and cohesiveness 
d. dissimilarity with the penetrant 
e. minimum of plasticizer 
f. minimum of double bonds 
g. minimum of fillers 
2) The polymer must not present a chain structure or func-
tional group that is similar to the penetrant molecule. 
This report begins with material believed to possess these structural 
\ 
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characteristics and concentrates on the temperature, pressure and 
nature of the permeant effects. 
EX)_UIPMENT 
Before any decision was reached on equipment design, the 
objectives of that design were laid down. Those objectives are 
simply: 
1) A system sensitive to the low permeabilities expected 
2) A system capable of operating at 300°F and 1000 psi 
3) A system capable of measuring the effects of a differ-
ential in applied pressure or temperature 
4) A system that measures liquid permeabilities 
(specifically salt water, tap water, and distilled 
water) of films and sheets and that can be modified to 
measure permeabilities of polymer coated concrete 
5) A system that resists attack from sea and distilled 
water 
6) A system that agitates the permeant above the film so 
as to simulate to some extent conditions in a flash 
distillation chamber 
It was with these objectives in mind that a literature search of 
permeability apparatus was begun. 
Permeability measurement is by no means a new subject. The 
literature contains a myriad of techniques for analyzing permeabil~ 
ity. (1),(3),(9),(18),(25),(30),(35),(37),(41). All of the· 
various permeability systems developed can be generalized to con-
sist of essentially three components, these being: 
~) A device to hold the sample (usually called the 
i ! 
·:\ 
i' 
i '~ 
I• 
i j 
; 
I 
'·,. 
'·' 
1 
l 
1 
permeability cell) with two chambers on either side of 
the sample, The upstream chamber holds the permeant 
above the sample. The downstream chamber accepts the 
permeant that has passed through the sample, 
2) A method of introducing the permeant, at the desired 
conditions; into the upstream chamber. 
3) A method of analyzing the amount of permeant that has 
passed through the sample, 
The method of analysis seemed to be the determining factor in 
characterizing permeability systems, The more common methods use 
are: 
1) 
2) 
Pressure increase monitored in a constant volume chamber 
Volume increase recorded in a constant pressure 'receiving 
chamber 
3) Some combination of the preceding two methods 
4) Gravimetric (weight change) methods 
5) Radioactive tracers 
6) Electric hygrometers 
7) Hygrophotographic methods 
8) Electrolytic moisture monitors 
9) Gas chromatography 
All of the above methods use the transmission rate of permeant, 
Recalling the definition of permeability, it is apparent that 
permeability constants can be obtained by determining the 
solubility and diffusion properties of the sample. Methods are 
available to accomplish this somewhat more thorough procedure. 
The literature describes fairly well the methods of analysis but 
.i; 
f . 
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i ,: 
\ 
,\ 
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other elements of a permeability system are less satisfactorily 
described. For this reason and because no designs met the 
pressure, temperature, and corrosion resistance objectives of the 
problem, it was decided to work .on a new design. 
Monel was chose~ as the material of construction. There are 
other metals that are better than Monel for their resistance to 
all forms of water and among these are Hastelloy, titanium, and 
zirconium, but their cost made them undesirable. At times 
stainless steel 316 has been.used as an economic alternative 
because it is the cheapest acceptable metal but incremental in-
creased resistance was greater than the incremental cost increase 
' 
incurred by using Monel. Wherever the permeability system was 
to be contacted with liquid water Monel was used. For parts 
exposed to water vappr, copper was considered sufficient. 
An informative article by Hamilton (18) describes the use of 
electrolytic moisture monitors to measure permeability. Use of the 
monitor was shown to provide a reliable method of measuring low 
permeabilities. A phosphorous pentoxide coated cell electrolizes 
the water vapor passing through it, and the current created gives 
a meter reading in parts per million by volume. A more detailed 
discussion of its operation will follow. Because the Materials 
Research Center already owned a "moisture monitor" manufactured by 
Consolidated Electrodynamics, it was decided to employ it as the 
method of analysis. One should not conclude that this is the 
only method available to measure low permeabilities (gas chroma~ 
tography, radioactiVt! tracers, and others would be very suitable), 
but the monitor was one of the better methods and the economic 
-11-
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considerations were obvious, 
In order to facilitate a general understanding of the 
operation of the designed system a flowsheet-type discussion will 
follow. The system consists of four parts: 
1) The permeability cell 
2) The pressure system (the pressure cell and nitrogen 
supply) 
3) The temperature system (a forced circulation oven) 
4) The analysis system (the ~oisut~e monitor and nitrogen 
sweep gas) 
The permeability cell and pressure cell are placed on a shelf in 
the oven and tubing connects them to each other, the nitrogen supply, 
sweep gas cylinders, and the moisture monitor. Figure 1 presents 
a flowsheet of the system. Before considering the system as a whole 
again, each component is discussed individually. 
The Permeability Cell 
The permeability cell (Fig. 2) is the central device in 
accomplishing the actual permeation of the sample. It consists of 
a method of supporting the sample between two chambers which will 
be called the receiving chamber and the holding chamber. The 
receiving chamber is on the downstream side of the sample, 
Being initially free of any penetrant, it accepts the psrmeant 
· that passes through the film. This quantity is then analysed to 
determine the transmissions rate of permeant through the sample. 
On the upstre~m side of the sample is the holding chamber where 
the penetrant is kept in.contact with the sample at desired condi-
tions. 
-12-
'l l j 
! 
1 
! f 
/ . 
:, 
/,, 
., 
:~ 
In order to simplify design of the permeability cell and 
minimize delays in ordering time, it was decided that standardly 
available material should be used when possible. Keeping this 
in mind, the cell was designed to consist of two A,S,M. standard 
pipe flanges. With machining, the flanges were converted to the 
permeability cell, 
The holding chamber is constructed from a 211 A. S, M, 150 lb. 
pipe flange with a welding neck. The welding neck flange was 
chosen so that a relatively large volume of water could be held 
over the sample. A\" Monel plate was welded to the top of 
the flange to seal the chamber. It was difficult to get a good 
weld. These problems are discussed later in this report. Having 
this accomplished, two holes were drilled in the plate to accept 
two Swagelock fittings. One was designed as an outlet to provide 
pressure to the permeant in the chamber and the other to provide 
a vent or a means of hooking several cells in series; These 
fittings, with a built-in ethylene-propylene rubber 0-ring to 
provide a good seal, are simply threaded into the plate. 
In keeping with the design objective of being able to 
agitate the perrneant, a stirring device was designed, It is made 
of Teflon and essentially works on a ball and socket principle, 
The socket is at the end of a Teflon rod screwed into the top 
plate of the receiving chamber. The ball is part of a holder 
for a cylindrical magnet (Kel-F coated), When the two parts 
are joined and a magnetic field applied below the cell, the 
magnet rotates freely without corning in contact with the 
sample. 
i 
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Since not as big a receiving chamber was required because 
permeant volume would be low, the receiving chamber selected was 
an A,S,M, 150 lb. 2" blind flange. Fig. 2 shows its design with 
two 1/8" holes drilled in the flange to provide an entrance and 
an exit for the sweep gas. Swagelock fittings similar to those 
in the holding portion are used to provide for the connection 
of tubing. The flange is machined to provide room for a concrete 
sample and a receiving chamber. Initially a hole of the same bore 
as that of the holding chamber was drilled 3/8" deep to provide 
space for the concrete sample. When only a sheet is tested, some 
support must be provided. To accomplish this suppo~t a porous 
Monel disc (5µ holes) is used. 
The sample, when in sheet form, goes between the two cham-
bers. In order to provide a good seal, two ethylene-propylene 
rubber 0-rings were employed as shown in Fig. 2. The inner 0-ring 
served as a seal around the sample itself, The outer ring seals 
the two halves of the cell. 
Two details remain: 1) how the conditions of temperature 
and pressure are to be maintained in the cell, and 2) how the 
amount of water entering the receiving chamber is measured. 
The Pressure Cell 
The pressure is applied through what will be called a 
pressure cell (Fig. 3). This cell makes it possible to use high 
pressure nitrogen to regulate the pressure in the permeability 
cell, By this process the use of pumps and complex piston 
systems is avoided. Two welding neck flanges are used to form 
)• 
'' 
I : 
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'· 
·~ 
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1. J.._ 
the pressure cell. An ethylene-propylene rubber diaphragm 
acted as a barrier between the nitrogen and water. In this way 
the intermingling of the water and the gas is prevented. The 
pressure cell connected to the holding chamber of the permeability 
cell through Swagelock fittings and 1/8" Mone! tubing. 
The Temperature Control System 
The permeability cell required heating to a maximum of 
290°F. This could be achieved by two methods: 1) a heating 
tape system or 2) an oven. An economic study revealed that 
an oven was the most economical alternative. An oven also pos-
sesses several other advantages. It requires a minimum of design 
work and gives easy access to the permeability and pressure cells. 
A forced circulation oven was selected to provide even heating. 
A Sargent oven (model 18) capable of continuous operations, at 
200°C, was chosen. 
The Moisture Monitor 
The moisture monitor uses electrolysis to detect water 
content. As a sample stream enters the instrument, the water 
present is continuously and quantitatively absorbed and electro-
lyzed. The current produced by electrolysis is related by 
Faraday's Law to the mass rate and the concentration of water. 
But by keeping the flow rate constant, the current is proportion-
al only to water concentration. The value of water concentration, 
current, can then be outputed directly on the instrument meter 
in ·the form of parts per million by volume, 
The const'ruction of the electro_lytic cell is shown in Fig. 4 . 
-15- \ 
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The sample enters one port, flows through the glass tube and 
exits through the other port. Inside the glass tube are two 
helically wound platinum electrodes and a coating of phosphorous 
pentoxide which is highly absorbent for water. As the sweep ga~ 
containing water passes through the cell the following reaction 
occurs: 
H20 (g) + P2o5 (l_) P2o5 H20 ~) P2o5 + H2(g) + ~02 (g) 
The reaction will consume at least 99.9% of the water at levels 
from 1 to 20,000 ppm and has the distinct advantage of being 
specific to water. Since dry phosphorous pentoxide is a very 
poor conductor, background signal is very low. The lowest 
monitor reading was .1 ppm so that the error due to leakage must 
be at least that small. The manual that is provided with the 
equipment gives excellent details of its operation and main-
tenance. The equipment gives ease of operation and is available 
from Consolidated Electrodynamics Corporation. 
To maintain the flow in the moisture monitor at 100 cc/min, 
a bubble flow meter was connected to the port where the analyzed 
flow exits the moisture monitor. By adjusting the knob on the 
moisture monitor, the flow can be regulated. When the flow rate 
is 100 cc/min, the monitor reads from 1 to 1000 ppm. When the 
moisture content gets higher than this the scale can be expanded 
to read 1 to 10,000 ppm. Scale expansion is accomplished by 
reducing the flow through the monitor to 10 cc/min while keeping 
the flow through the receiving chamber of the permeability cell 
at 100 cc/min. This is accomplished through the use of a sample 
by-pass that vents 90 cc/min before it reaches the monitor. With 
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FIGURE 1 
Flow Sheet of Permeability System 
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FIGURE 2 
Three Vievs of the Permeability Cell 
Top view 
Middle viev 
Bottom viev 
Receiving chamber without 
porous metal disc or 0-rings 
Receiving chamber with porous 
metal disc and 0-rings in place 
and inside of holding chamber 
Assembled cell 
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FIGURE 3 
Three VitWs of the Pressure Cell 
Top VitW 
Middle VitW 
Bottom vitW 
Cell with 0-rings 
in place 
Cell with rubber 
diaphragm in place 
Completely assembled 
cell 
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FIGURE 4 
Simplified Drawing of Electrolytic Cell 
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Simplified Drawing of Electrolytic Cell 
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1--1----PHOSPHOROUS PENTOXIDE 
COATED TUBE 
ELECTROLYTIC CELL - SIMPLIFIED DRAWING 
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· FIGURE 5 
Two Views of the Assembled System 
Top ,View The Permeability and 
Pressure Cell Connected. 
Magnetic Stirrer Unit is 
below permeability cell 
Bottom View- Shows cells in oven with 
moisture monitor in fore-
ground. Lines exiting 
from oven lead to nitrogen 
tanks. 
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FIGURE 6 
Design of Plate to Handle Concrete Tests 
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this procedure the monitor reading will need no correction factor 
for flow rate and ppm water can be read directly. 
Having discussed the individual components of the apparatus, 
Fig. 5 shows the assembled apparatus. 
To handle the testing of concrete samples some modifications 
were required. In place'of the porous metal disc, the desired 
concrete sample (diameter 2.06" and thickness 3/8 11 ) is inserted. 
A metal plate with 0-rings on both sides (Fig. 6) is placed 
between the two flanges. This assures that the only way liquid can 
get to the moisture monitor is through permeation. The area of 
permeation (diameter l~") is reduced to l. 776 sq. inches. 
PROCEDURE 
Having examine~ the components of the system and their charac-
teristics, the interrelation of the parts and their method of use 
are discussed. This section will outline the details necessary for 
running a constant temperature or constant pressure differential 
experiment. 
The apparatus is capable of making three types of determination: 
l) Transmission rate as a function of temperature 
2) Transmission rate as a function of pressure 
3) Transmission rate as a function of salt concentration 
The salt concentration experiment is run as either a temperature 
dependency or pressure dependency experiment. In this manner, for 
any given material a set of curves of transmission versus tempera-
ture, for example, can be obtained at various concentrations. 
The pressure and temperature experiments are run in the exact 
.. 
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same manner with the exception of the variable that is to be 
changed. The operation of a temperature dependency experiment 
will be discussed: 
1) A sample is cut from the material to be tested. 
(A 2 3/4" diameter circle is sufficient) 
2) The 0-rings are placed in the bottom portion of the 
the permeability cell and the material tested 
centered over top of them. When testing films the 
porous metal disc must be used. The permeability cell 
is then sealed being sure that the bolts are tightened 
evenly and sufficiently torqued to provide a good seal. 
3) A similar procedure is followed in placing the 
diaphragm in the pressure cell. 
4) The perm~ability and pressure cells are placed on the 
shelf in the oven and all lines leading to and from 
the cells are tightened. Prior to this procedure the 
moisture monitor has been hooked up directly to the 
nitrogen supply to provide a reading on background 
moisture (usually 5 to 20 ppm). 
5) Fill the system with the liquid to be used. The two 
valves leading to the cells are opened and a funnel 
is connected to one of the stems through the use of 
plastic tubing. Liquid is poured through the one 
port until it begins to exit from the other. If gas is· 
entrapped the liquid will flow untvenly and it is 
necessary to continue pouring until the flow no longer 
contains gas bubbles. The two valves are then tightly 
\ 
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sealed. 
Pressurize the upper portion of the permeability cell 
by applying a nitrogen pressure to the pressure cell. 
(For all temperature dependency work this pressure 
was 50 psig) .. It is important that the upstream 
pressure be greater than the sweep gas pressure at all 
times. If this is not the case, the reverse pressure 
differential could cause breakage of the film. 
7) The lower half of the permeability cell is pressurized, 
(This is the sweep gas and for experimentation was 
maintained at 20 psig) This pressurization is affected 
by regulating the nitrogen supply. 
8) Check for leaks and tighten all connections that are 
leaking.· A commercial leak detector is useful for 
this purpose. 
9) Flow to the moisture monitor should be regulated at 
100 cc/min. This is done by checking the bubble 
flow meter and making the necessary corrections. The 
bulb is squeezed and introduces a soap solution into 
the flow stream. Bubbles are created and their flow 
up the graduated column is timed, 
10) The moisture monitor is turned on. The needle will 
go off scale within a few minutes and after another 
fEM minutes will return on scale. If the monitor is 
not on scale or coming on scale after 10 min., several 
things may be wrong. The cell may need reconditioning, 
-31-
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the film may be too permeable for the moistUI'e monitor, 
or the film may have broken and the monitor is being 
flooded with water. To see if the film is too 
permeable, change the flow rate t~ 10 cc/min. If the 
needle does not come on scale the experiment must be 
stopped to see· if the film is broken. If the film is 
good, the cell needs to be recoated. Recoating pro-
cedure is simple and can be found in the CEC manual. 
11) If the needle comes on scale the experiment is con-
tinued. 
Once the set-up, as described above, has been completed 
the experimentation procedure begins: 
1) With the pressure differential held constant through-
out, the system is allowed to come to "equilibrium" 
at a given temperature. Equilibrium is defined as the 
point when the transmission rate effectively reaches 
a steady-state. To help assess this point, a recorder 
is connected to the moisture monitor and records trans-
mission rate versus time. When the change in rate is 
small a steady state reading may be taken from the 
moisture monitor. Since to reach a steady state in 
the· true sense would require too large a time period, 
the effective steady state is used. The operator 
should find that it takes from 5 to 12 hours, depending 
on the sample thickness for the equipment to "equi-
librate". The thicker the sample the longer the time. 
\ 
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The temperature may then be raised to a new temperature 
value and the procedure repeated for as many data 
points as required. 
When sufficient data has been obtained, the system is dismantled 
in reverse order of the set-up procedure. 
When dealing with polymers and temperature dependency the 
effects of thermal history are of major concern. The experimenter 
must find a suitable annealing procedure for the particular mate-
rials that he is testing. The important consideration is to 
have some standard technique for annealing so that thermal effects 
can be controlled and transmission data analyzed on a comparable 
basis. This is not an easy problem. In the course of an experi-
mental run the sample is exposed to its own unique thermal 
history depending ori the length of time required to equilibrate 
at each temperature and the temperatures tested. It is virtually. 
impossible to reproduce the exact thermal history from sample 
to sample. An effort was made to minimize the effects. Since 
the major concern was an initial ranking of the materials in 
regard to their transmission properties, annealing consisted of 
keeping the sample in contact with the permeant for 24 hours. 
This represented the most simple annealing possible and because 
of the effects of temperature through a tested could not be 
controlled·a !more involved technique was not considered to be of 
value. 
Results will show the importance of the thermal history 
on transmission rates and a user of the procedure outlined here 
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must define his test objectives and design appropriate annealing 
techniques. 
The decision involved in deciding when a sample reached 
an effective steady state was a subjective judgement of the 
operator. The thin samples required approximately five hours 
and approached the new steady state value exponentially. The 
thicker samples tested which where EPDM rubber, Hypalon, and 
Neoprene took up to twelve hours and also approached exponential-
ly. The thicker samples, however, overshot the final steady 
state value before returning to it. The operator must then be 
careful when watching the steady state development on the recorder 
to allow sufficient time for the development of this pattern. 
A change in PPM reading of 5.0% per hour was considered small 
enough for steady state to be assumed. 
The work done in this report was done using ordinary tap 
water and sea water of various concentrations. The tap water was 
used as a control and then tests w.ere made on the sea water con-
centrations. Deionized or distilled water might ideally have 
been used as the control but because it was not conveniently 
available tap water was used as the control. The salt water 
was made from a mix produced by the Rila Products Co. 
Discussion and results 
A number of materials were tested that were thought to 
possess low permeability to sea water. It was felt that other 
things being equal, the lower the permeability of the polymer 
the more satisfactory it would be in protecting the concrete. 
Sea water and water in general is known to have tito primary 
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effects on concrete; 1) the leaching of CaO from the concrete 
weakening the structure and eventually causing collapse and 
2) the sulfate ion (which is larger than the calcium ion) ex-
changing with the calcium ion which puts a stress on the con-
crete which can effectively limit its use as an engineering mate-
erial. From the above facts it seems that minimizing the amount 
of water contacting the concrete can greatly increase the con-
crete's useful life. Factors of adhesion between the polymer and 
concrete, character of the polymer-concrete interface, changes ef-
fective in the polymer with time and temperature with respect to 
structure are all important in deciding on a coating, but this 
work concentrates on finding materials that possess low permeabili-
ties over the temperature range required. 
An obvious question is why bother to carry out experiments 
in the area of water permeability when much has already been 
done in the area? Most literature values for water permeability 
are available for only relatively low temperatures and not over 
the temperature range of flash distillation operation. Secondly, 
very few data are available on the effects of salt water on the 
permeation process. Because of these deficiencies the experi-
mental work was warranted . 
In an effort to obtain as many possible alternatives as 
feasible, companies selling protective coatings and polymer films 
were contacted and asked to suggest materials that would potential-
ly suit the project's needs. Companies were asked to supply films 
and sheets for testing. A complete list of companies responding 
and materials offered is presented in Appendix IV, Some materials 
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supplied were not t~sted because they did not meet the require-
ments of the permeability system but those that were tested are 
as follows: 
1) Teflon TEP (fluorinat~d ethylene-propylene copolymer) 
2) Hypalon (a chlorosulfonated polyethylene elastomer 
supplied by Gates Rubber Co.) 
3) Neoprene (Gates Rubber Co.) 
4) Mylar (DuPont) 
5) Ethylene Propylene Diene Monomer rubber (Carlisle 
Rubber Co.) 
6) TPX (a methylpentene polymer supplied by Imperial 
Chemical Industries) 
All these films, it was believed, possessed sufficient temperature 
stability to at lea~t 300°F and relatively low permeabilities. 
Interest centered around determining the temperature effect 
on permeability for each material. A brief study of pressure 
dependency was also conducted. Each material was placed in the 
permeability cell and the syste'm was pressurized. The upstream 
pressure was maintained at 50 psig while the downstream pressure 
(or sweep gas pressure) was held constant at 20 psig. The 
system was allowed to equilibrate and then the permeability was 
read off the moisture monitor. The equilibration process was 
repeated for successively higher temperatures. Through this 
process permeability versus temperature data was obtained. 
Since the moisture monitor presents permeability in parts 
per million volume, it was necessary to convert to some more 
commonly used unit of measure. There are many units used in the 
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supplied were not t~sted because they did not meet the require-
ments of the permeability system but those that were tested are 
as follows: 
1) Teflon TEP (fluorinat~d ethylene-propylene copolymer) 
2) Hypalon (a chlorosulfonated polyethylene elastomer 
' 
supplied by Gates Rubber Co.) 
3) Neoprene (Gates Rubber Co.) 
4) Mylar (DuPont) 
5) Ethylene Propylene Diene Monomer rubber (Carlisle 
Rubber Co.) 
6) TPX (a methylpentene polymer supplied by Imperial 
Chemical Industries) 
All these films, it was believed, possessed sufficient temperature 
stability to at lea~t 300°F and relatively low permeabilities. 
Interest centered around determining the temperature effect 
on permeability for each material. A brief study of pressure 
dependency was also conducted. Each material was placed in the 
permeability cell and the system was pressurized. The upstream 
pressure was maintained at 50 psig while the downstream pressure 
(or sweep gas pressure) was held constant at 20 psig. The 
system was allowed to equilibrate and then the permeability was 
read off the moisture monitor. The equilibration process was 
repeated for successively higher temperatures. Through this 
process permeability versus temperature data was obtained. 
Since the moisture monitor presents permeability in parts 
per million volume, it was necessary to convert to some more 
commonly used unit of measure. There are many units used in the 
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literature and Yasuda (48) presents a good survey of them. 
Permeability refers to the ease with which a permeant passes 
through a barrier and inv0lves the mechanism of permeation. 
Many times in the literature,·rates of transmission or penetra-
tion through a polymer are referred to as permeability even 
though they are not concerned with mechanism. This report 
presents transmission rate data and occasionally refers to it 
as permeability. Data will be presented as grams per square 
centimeter pe~ mil thickness per minute while the Appendix III 
provides easy conversion to other often used units. Appendix III 
also presents the details of the conversion mathematics. 
Temperature dependency follows an Arrhenius type equation: 
(1) 
The permeability of transmission rate (P) at a given temperature 
(T) is characterized by a "steady state" permeability, charac-
teristic of the given material, (P
0
) and the activation energy 
for the transmission process (E) of the particular system. p 
After algebraic manipulation the Arrhenius equation reduces to 
' 
Ep 
log P = log P
O 
- __ loge 
RT 
which is simply a linear equation to which data can be fitted 
using a simple least-squares analysis. A computer program was 
written to take the PPM vs. temperature data and convert the units 
and fit the data to (1). A copy of the program is in Appendix l. 
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Pressure depend~ncy was examined by placing a sample of Teflon 
in the permeability system at constant temperature and varying 
the upstream pressure from 50 to 500 psig. No change in trans-
mission rate was observed. Pressure dependency measurements 
reported in the literature are for the case in which the permeant 
is a gas, and this case seems to be quite different. The gas would 
be brought into more intimate contact with the barrier at increasing 
pressure and this contact would decrease the activation energy of 
the system. In the case of a liquid, the contact between barrier 
and permeant can not be improved greatly until very high pressures 
are applied. The transmission rate is simply dependent on the 
solubility of the penetrant in the barrier and its ability to 
diffuse. It would be expected that pressure would have no effect 
on permeability except at high pressures. This work confirmed 
that point as did the work of Long on another occasion (30). 
Leaving the question of pressure effect the remainder of the 
time was concentrated on the temperature effect. 
The results from the temperature effect work are presented 
in Appendix II. These results represent a new addition to the 
permeability literature and several conclusions can be made as 
to their significance: 
1) Barrier films can be graded in terms of their decreasing 
resistance to water transmission as follows: 
Teflon FEP > 
Hypalon > 
Mylar > EPDM > 
TPX > Neoprene 
2) Non-pola~ and aromatic polar (Mylar)., or fluoronated 
hydrocarbons give the highest levels of protection 
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3) The effect of salt water is different for different 
materials but in any case the difference in transmission 
rate for tap and salt water for any material in general 
is not significantly large. 
4) Most materials produced a linear relationship over 
the whole range of temperatures tested but some materi-
als gave break points which possibly correspond to a 
change in strucuture . 
Each of these points will be examined in somewhat more detail. 
The qualitative rankings presented reconfirm results expressed 
elsewhere (25). Because of the effects of different conditioning 
' it is very difficult to say anything about comparisons with pre-
vious quantitative work because usually a range of transmission 
values are given. In personal communication with Dr. R, B. Long, 
he suggested a factor of 10 difference would be normal in testing 
the same material on the same apparatus but with different samples. 
In general, the data are quantitatively comparable to that presented 
by Lebovits (25). The importance of the results to the Office of 
Saline Water is that on the basis of transmission rate all of the 
materials tested would be good alternatives for the protection of 
concrete. The permeabilities of the materials tested are suffi-
ciently close that economic criteria, ease of application, 
strength of the interface, stability at high temperatures, and 
wearability should be the controlling factors in selecting any of 
the materials for use. These other factors were not examined but 
the qualitative ranking 'l)resented is preferred in any materials 
selection problem, subject to satisfying the other criteria. 
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Having discussed the more practical aspects, a closer 
examination of why there are differences in transmission rates 
will be pursued. Transmission rates are affected by structural 
considerations and environmental considerations. The temperature, 
pressure, and concentration of the permeant are the prime environ-
mental factors. The data of the report has presented the effects 
of temperature, pressure, and concentration on the transmission 
process. Indeed, the main work has been to characterize the 
environmental effects. However, even if two materials were 
subject to the exact same conditions of environment their trans-
mission rates might vary widely. The variation is the result of 
structural effects. 
Transmission rates are affected by: 
1) the nature of the polymer· 
2) the nature of the penetrant 
3) interaction between the polymer and penetrant 
It is the above factors that result in magnitude changes of 
transmission rate between different polymer systems at the same 
temperature, pressure, and concentration. 
In the Arrenhius temperature dependency equation, 
p = p e 
0 
-E /RT p 
the term p
0 
in the geometrical sense is the intercept of the 
line but in the physical sense it can be thought of as the charac-
teristic transmission rate of the material. It is that part of 
the transmission rate that is a result of structural properties 
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or that rate that would occur regardless of the environment. 
What then are the structural properties that determine the 
value of PO? The material factors affecting transmission rates 
are as follows: 
1) 
2) 
3) 
4) 
Chemical composition 
Degree of crosslinking 
Degree of crystallinity 
Degree of plasticization or swelling (by the 
plasticizer, solvent, or permeant) 
5) Previous history of the material 
As mentioned several times before, thermal history plays an 
. important role in determining the transmission rates. To study 
the effect, Mylar was tested beginning at room temperature and 
proceeding step-wise to the highest temperature possible for 
the moisture monitor. The system was then cooled to room tempera-
ture and the test repeated. This process was done four times 
and the results appear in Appendix II. It can be seen that each 
successive run results in a change in the transmission qualities 
of Mylar. This was only one temperature annealing process and if 
more had been examined the results would probably show other 
effects on transmission. It is presumed that the Mylar tends to 
crystallize, which increases its resistance to transport of water, 
and as a result the "characteristic transmission rate" (P
0
) is 
lowered. 
All the materials tested were either highly crosslinked 
(rubbers) or highly crystalline (thermoplastics) and in relation 
to literature values (25) all materials tested possessed low 
permeabilities. Even more important is the chemical.composition 
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of the materials. It can be observed that the ma~erials in general 
possessed the following qualities: 
1) Saturated or nearly saturated chains 
2) High lateral symmetry 
3) A high proportion of small non-hydrophilic 
substituents 
4) Longitudinal symmetry to some extent 
All these properties lead the structure of the tested materials 
to be relatively "tight" ,which minimizes the area available for 
the diffusion of the water molecules. 
It is a very well known elementary chemistry expression 
that like dissolves like, This concept can be modified somewhctt 
and applied to the situation found in this study. It might be 
expected that if the penetrant was similar in chemical composi-
tion to the polymer it would find becoming soluble in the polymer 
much easier. This in turn would increase the transmission rate 
if a solution-diffusion model similar to that presented early 
was accepted as the transmission mechanism. It is reasonable 
to expect then that a polymer dissimilar in chemical composition 
to the water molecule would be a good barrier. This was indeed 
the case because the polymers whose structures were non-polar 
possessed the best transmission rates. 
The report has shown the qualities that are important in 
giving a polymer a low transmissions rate and those may be 
sununarized as a material that: 
1) has a structure that interferes with the 
ease of the diffusion of the water 
2) has no groups (polar groups)similar to the water molecule) 
• I 
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Having examined the differences in transmission rates caused by 
the nature of the polymer, discussion of the effects of the salt 
concentration are appropriate. 
It was expected that if salt concentration had an effect on 
transmission rates it would lower the rate as compared with the 
transmission rate with ta·p water. Salt concentration would de-
crease the activity of the water which would affect the reduction 
in transmission valves. The effects of salt concentration were 
studied on TPX, EPDM, and Neoprene. EPDM showed no change in trans-
mission rates between tests on tap and salt water. TPX possessed 
a slight reduction in transmission rates while Neoprene presented 
a more dramatic change. 
From the three samples tested, it appears that as the perme-
ability of the sample increases with respect to tap water the ef-
fects of salt concentration increases also. That is to say, mater-
ials with high permeability to tap water show the largest reduction 
in transmission rates when salt water.is studied. A material that 
already possesses a low permeability will not benefit from a re-
duction in the activity of the permeant but a material with higher 
per:neability will be affected by the reduced activity. 
Some initial work was done on the swelling characteristics 
of the polymers examined. Teflon FEP, Neoprene, Hypolon anti EPDM 
were placed in jars on tap and sea water at room temperature and 
allowed to equilibrate (5 weeks), The results (APPENDIX II) show 
the affects of salt concentration on swelling. The lower activity 
of salt water causes the equilibrium swelling to be less than when 
tap water is used. If less permeant goes into solution in the· 
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polymer than transmission rates would be reduced (assuming diffusion 
remains constant). This reduction of transmission rates has al-
ready been shown. It may be summarized that salt concentration 
reduces the activity of the permeant which reduces swelling and 
in turn transmission values. The level of permeability of the 
polymer is important in determining the magnitude of change in 
transmission caused by the salt. 
The samples of EPDM tested in both the sea water and tap 
water possessed a definite break point in the curve of transmis-
sion vs. temperature (APPENDIX II). The samples of Mylar and Tef-
lon FEP seemed to possess breakpoints, also, but after statistical 
analysis this could not be corroborated. In an effort to explain 
the breakpoint in the EPDM curve, a Gehman test (modulus as a 
function of temperature) was run on the sample. It was thought 
that the break might be due to some transition occurring in the 
polymer and that this transition would appear as a change in modu-
lus in a Gehman test. The results of the test (APPENDIX II) showed 
no change of consequence in the modulus of the sample, indicating 
that no transition occurred. The cause of the breakpoint is still 
then an unanswered question. 
In any experiment, the question of the reproducibility of the 
data must come up. Due to the length of time required for one ex-
periment it was difficult to obtain a thorough study of reproduci-
bility but several important conclusions can be drawn from the 
work that was done, TPX was tested in a salt water envirorunent 
on two different occasions. The difference. in reported values of 
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t . . + % ransm1ss1on rate was -25°0 as a maximum. At first thought this 
seems like a large amount but on closer examination it was felt to 
be acceptable. There are many factors that are difficult to keep 
\ 
constant from experiment to experiment. The most important, of 
course, is thermal history. As pointed out in the Mylar study, 
this does have an effect on transmission values. Secondly, after 
every experiment the apparatus must be dismantled and the operator 
can never be sure that the system when tightened and operating 
again is tightened the exact same way as the last time. So even 
when the background noise is measured, one most disconnect the 
monitor and connect it to the system to be tested. The result is 
that the background noise is an estimate and may be as much as 50% 
different in the test run. Finally, no two samples can ever be ex-
actly the same. Even samples taken from the same sheet of material 
will vary in transmission rate. This is because pin holes, etc. 
might be present in one part of the sample sheet. So with these 
considerations a reproductibility of 25% is an expected level. 
SUGGESTIONS FOR IMPROVEMENT OF SYSTEM DESIGN 
Several difficulties were encountered in the operation of the 
equipment which if exposed may help a future user of the design to 
avoid the problems. Flanges were decided on because it was thought 
that they would be easy to procure but a serious problem arose in 
welding the Monel plates to the top of the flanges. It was very 
difficult to get a weld that would withstand the pressure of the 
system. The quality of the weld is highly dependent on the skill 
of the welder. Heating the metal to high temperatures will re-
I 
I 
' i 
I I 
i ' 
I 
i ; 
i'. 
'! 
' I \ 
i ' 
I 
I 
: i 
, I 
i i 
! I 
,: ' 
'; l II l i I, jl I 
,I. 
'! 
j 
\ 
/, 
sult in cracking of the metal and if it is not heated high enough 
the silver solder would not flow and thus not provide a good weld. 
After several tries at silver solder, three of the four welds held 
but the fourth had to be taken to the Bethlehem Corporation to have 
it Monel-arc-welded. It is recommended that a one piece design be 
used to avoid this problem. 
Secondly, thin films of about two mils in thickness were 
tested and found to not be suitable for use. When the cell was 
tightened the metal in contact with the film would cut the film 
and causing water to flow into the monitor. This required a very 
time consuming project of cleaning and drying the,.moisture monitor. 
If thin fiJJns are to be used the cell should be designed so that 
the bore of the upper and lower flange (where the edge is) does 
not come in contact with the sample. The easiest solution is to 
make 7 mils the minimum thickness. This was done in this work 
and was found to be thick enough to withstand the tightening. 
CONCLUSIONS 
There are of course questions that this report leaves un-
answered and directions for new work that it suggests. Only 
polymer sheets have been tested and it would definitely be of 
interest to test coatings such as epoxy coatings that would have 
to be cast in film form. A whole new area is opened by the cast-
ings of films from materials not available in film form. Likewise, 
the polymer concrete system together remains to be tested. Both 
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these areas are now receiving the attention of the research group. 
More work in the effects of salt concentration could provide 
information as to the mechanism of transmission. A more thorough 
study of EPDM might give clues as to the theoretical question of 
the breakpoint found. Swelling studies of greater depth would 
be beneficial to describing the process. 
The work has been a big step toward characterizing the per-
meability of polymer systems and provides a solid base for the 
future work as suggested above. 
\ 
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APPENDIX I 
Computer Program to Convert and Fit Data 
Assuming an Arrenhius temperature dependency, transmission 
data can be fitted to r=/ 
P= P
0
e.-~RT (1) 
where Pis the transmission rate at temperature T 
P0 is the characteristic transmission for the material 
Ep is the activation energy of the process 
Making the necessary transformations, 
p :a. loJ P~ 
p .:: 
P~ 
B -= - . 4-34- 2. 945 
- t:: 
RT 
+ - E 
RT 
+ [434Z14s(-~)] + 
(....SR) 
The Arrenhius equation can be put in linear form 
l "::l P ~ A + B ~ 
(2) 
(3) 
( 4) 
( 5) 
(6) 
(7) 
The computer program fits Eq. 7 using the normal equations 
~Io~ P == A N + B .z ~ ca) 
Z. lo3 P( t )= A 2-:\:- + B '2.~y- (9l 
to find the value of the constants A and B 
(:e lo:i p)(.~(~Y')- (z~ )(~loj P( f)) 
A= N ::F: {:;;)'" - ( ~ tt 
(10) 
:l ' 
:1 
I : I . 
I . 
: I 1 :: 
'' 
F·- . -·--·-·· .. ·-----·-···--·· 
J, 
/· 
/· 'I 
'! 
I 
,i 
·1 
j 
I 
:l 
B- NZ lo5 P(-:}=) :z(f)z (l~J P) 
N ~ (~)'· - (~t)4 (11) 
through the use of least square techniques. The subroutine LEAST 
is used to calculate the constants A and Band the subroutine 
RESID performs a statistical analysis on the data to provide cor-
relation coefficients, standard estimate of error, residuals, and 
variances. The main program calculates the activation energy and 
prints out the pertinent information to complete the description 
of the experiment. 
The activation energy is found by observing that constant 
Bis 
B -= -, '4342't4S-6-
f\ (12) 
and thus the activation energy, E, is 
E =- B
R (13) 
,434294S 
The program also takes the data read from the moisture 
monitor in PPM of water and converts it to gm/min/mil/cc (See 
Appendix II) and converts data read in as 0c to °K. The input 
specifications for the program are detailed on the program print-
out which is included in the report. 
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.LF4SI. S(JU/H<~.S.F[f IJf IN Gt.NE!iAL l)AJA OF -THC: '''AlUHE 
LOG Y = A •· HX 
, ..... 
/\NALY~lS OF THE ()AJ.~, Ot:H~INl:n F~iOM TrF.: PEH1'EM1LI1TY r.fl°L. 
FITS '1tiTA TO Tri: CUH11E. LOG P =A+ R(l/T) 
nATA.lS H[AU I~ A~JFMP~~ATUME IN OE~RfES C A~O 
PERMtAHIL!TY I~ COHR~CTEn PP~ 
PHnG~AM CO~\tRTS PPM TO GM/MIN/MJL/C~ SQ 
.. 
r.ONVl:.~TS T.FMPERATll~E TO 1'1:GHfES KELVIN AN·u TAKfS Tt-E ~FClPAOCAL 
~R()f,f~ AM PR ll\J TS OUT THE CON v ER TED DAT A ANIJ GI v~.s THE v·Al Uf S 0~ 
CO~STANTS A AN~ d . . 
CONSTANT A rs THE CHA~ACTE~ISTIC P~A~FAAILITY . 
CONSTANT H IS THE ACTIVATION EN.EAGY FOH ll'iE TAAN5MI5SION PHOCESS 
nFFICE OF SALI~E WATFR PROJECT 
. ·-· . ·- --·-··- -· ·-··-· ·-·-·---··· ........ - -··-··-
PHOGHAM ~y WILLIAM T. fLIS (APRIL 18,1969 
INPUT SPECifICATJONS 
DATA. OECK SET UP I~, FOL(OWJNG .MANf\{R··---·······- -· 
CARD NO, . 
I 
I 
! 
--1 
I 
__ J: 
1) NAt,.,E OF SANPLE tit. I l'JG TESlED COULMN 2 TO '12 (A FO~MA T) 
2) NU~HEM Ot OAfA POINTS COLUMN 1 TO]. (I FO~~AT)·.. I 
FOR LAST SF T OF U AT A A l T S PL AC t O IN COL U ~ f\( 6 ) 0 CALL EX l l j 
--·---- ···- 3) THIC_K_.~c:ss n_F __ ~A~P~F. ____ lN MlLS ~.QL __ ~M~' l .T~_5. (F, F.~R~A-~). _____ I· 
4 To 4 + NUMBE~ OF UATA POINTS) :'. j 
cOLO~N 1 Tn 10 TEMPEHATURE (OfGREES cfNTIGRAOE) I 
COLU~N 11 ro ?._O. PARTS PER MHLION FROM t-'OJS~URE MONITOR :i 
CORRECTED FUR BACKGROU~C ~OIS·TU.RE . :j: I 
0 E F I ~ I T I O N 0.F V A R I A H 1_°[ S . .. - - ·- - .. . . . . --- ·-
CO f F rs CCEFFiclENT USf:.u 10 CONVERT P~M To G~/MIN/MlL/CC 
SA~P AND COCE-ARE DUM'-4Y VARIABLES USED ro ENTER NAME Of, SAMPLF. 
REt~G TESTED ' 
NUM IS t\/UtJ.BER OF nAT A POINTS BE I N.G CONS IDEAEO ..... · .. 
K rs USED TO TELL COMPUfER ~HEN LAST UATA HAS BEEN ~E~o~: 
-- THICK IS THF. THlCKNf:.SS ·oF·-·sAMPL'E' TESTE.O ... ·-- -· --· ·•·.-
T IS THE TEfJ.PF~ATI 1HE OF OtrT A POlNT IN DEG C 
I I 
.: I 
I 
I 
I 
I 
I 
. '· 
PROGRAM CONVEkTS l TO MEAN DEG «ELVIN - . 
PPM IS VALUE OF PARTS PER MiLLION READ FROM ~ONJTOR A~DfCORAEcTEp ___ \
1 
Ii 
FOR HACK GROUND MO t S TU~E . ;. . . '.; ! f: 
PERt,.1 IS VALUE OF THANSt-1ISSION RATE IN GM/MIN/t-1IL/cc·· ·----· .1·1; :1· 
RECPT IS THF. HEClpROCAL· OF° .. TE~PEi:fATU~E ·1N OEG t<ELVIl\i :1;1' .I 
PLOG JS THE LOG B"SE 1 O OF THE TRANSt-1lSS IOl\1 FcA lE PERM • ' ; Yl: . 1 
; •Ii:, 
·ACT IS THE l)CTIVATION ENERGY - ---~, .• i[ ll 1; 
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C 
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C 
99 
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200 
1 o l 
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201 
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5 
PFlfNT ltl(J 
F O k 1,1 /\ r ( I t1l ) 
REAi) 2PO,SAMP,COllf 
PRINT?OU;~A~P,COOE 
F(H~'-1AT (,i6,An) 
Hf.M) 101,NLJl"'.,I< 
FOR"'1Al (?.13) 
REAll 1(14,TMlCK. 
F n RM A r (-.~ !:, • () ) 
,· ~ 
;. . . . 
.. ' . ' 
PRTNT _?01,t~lJtJ,THlCK 
FOR~AT (?OX,*NLMtH)~ nF nAlA !.lOINTS REIN(, CONSJOEAEr·= .. ,13/.~2oX, 
l*THTCKf\1ES~ OF SAMPLE TE~H.U= *,FS,.l,* t-1ILS*I) 
PRJI\JT ?.02 
F(H~"1AT U~X,*n~.G K*,6X•*l/T (PEG -K)·*, l'tX,*PEH~FABlLITY (Gr-1/t'l.~./~IL/ 
lCCl*,QX,*LOG PEHMfALiiLITY*,13X,*PPM*/) 
no 5 T=-1 ,NU1"1 
~EA 11 ltd , T ( I ) , PPM ( 1 ) 
FORMAT (2flll.Ol 
PEMM(I)=PPM(J)oTHlCK~COfF 
r ( T) =?73. + T (I) 
~ECPT ([)=l.il/T(I) 
PLOG(T)=ALOG]O(~ERM·(i)) 
P~INT ?03,T(I) ,RECPT 1t),PtRM(l) ,PLOG(l) ,PPM(!) 
FO~MAT (}OXtF5,ltlOX,F7.s,2ux,E1s.5t20X,El5•5•10XtF7.?) 
CONTINUE 
..... '" ·- -~ ··-- ---·- ·-·-·----· ·---- ····--· .·· - ... ,.._ .. _. . .. ·. - --
CALL LEAST (REc~T,PLnG,NUM,S~MT,S~MP,PROO,SQSLJ~,AOCPT,CO~•.coNH) 
CALL RES IO (AEc_PT ,PLQG,cONA•cONH,NUr-1,SUMf ,c:STLG,~ESUL.,VARUN,'ERRO~, 
lEXVAH~EXPL,EXPLS,COEFF,UNVAH) . . 
l ; 
I 
I. 
..•••• ····- • -··-·----·---·--·--· - .• --·····- - -- - ••• ····-------- .-, . - ·- .--- --- - ---- •.• ,·.·- ----- ---- 1 : 
PHINT ?OS 'I 
2 us F o R ~ A T ( JX , ~ s u t1 o F 11 T * • 1 x , * s u M o F q Ir s Q u ARE o , . * • 1 x ~ .. ( s u ~ o F 11 r > --- -- , i I 
l SQUAAEIJ*tlOX,*SUM Lr,G p•t,}'OX~*SUM P TIMES(l/T>*/) ·. 1: 
PRINT t.106,S~tv1T ,PROD,5QSUM,SUt-'1P,AODPT. · . . ... - -··· I! 
206 FORMAT (El5•S,7X,El5.5,7X,E15•5,7X,El5~5,7~,El5,S//) l i 
.. PRINT 2lu,cO,-.;A,CONi:i .. ~-·-····-·· --------·-·:··-··---- .. -· -·-·-·-··· -···---···-· :· .. - . ·-·-·---- I 
210 FOR~~AT (20Xt*CONSTAN.r A JS lNTERCEPT AND EQUALS*,El5,5i, •,', · -I 
12nX,*CONSTt1t\JT Fl IS S10PC ANo·· Et~UALS.*,ElS,~> · I 
PRINT ?.12,CONA,CONH 
212 FORrMT (20X,-1tTrE r.:au~nor-r oF· THE. LINE IS . · LOG P~ *~Fl0,5,~+ 'i I 
l*•Ft2.5,*(l/T)*//) ACT =COf\lH* l. 9 8 7 / • 4342q4s··-··--··- -- - --. --···---·-··· .... ---· . . ... ··· .. ··· -- - ·.· 
ACT:•ACT 
• 
PRINT 214,ACT 
214 
C 
FOR~AT (20Xt*T~E ACTTVATION ENERGY lS ~,El5•~/) 
C . ~.. . •.~ .. •· .;. _ _;_ ... .. ... .. . .. - .... . ,, ', . 
225 
2.27 
PRINT 2?5 . 
FORMAT (2ttx,~TA~Lf.OF ~FSIOUALS*//* OASERVATlON ~n.•,~x,,1/T V~LVE 
l*•7~•*L0G P VALUE~•7X,~LbG P fSfIMATE*•7Xt*RESI0UALS*/) 
FORMAT (3X,I6,QX,Fl5,5,5X,F~5,5,7X,F15,5,7X,F10,7) . 
.A 
230 
00 8 l=l ,NUM 
PRINT 22-7,ltREcPT<I>,Pl.QG(l),ESTLG<t>,RESUL(ll . ::··.:::;. CONJ°lNllE' . ...... .. . - - ·- ......... - .· ... , ........ :· ... ~· . . .. . 
FOR.MAf C20X,*EXPLAINi=.O VAR.IATION • 1 ,Fl5,5/,2ox,•UNEXPLAlNEO 
.. ..... ' ' · ........ :- ........... ; ... - ... ···:··\·······,:\•.,·,7··.:·.···.·,' , .·' : 
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l ESTJMnTE 0~ ~RHOR =a,~15.~) 
61 P~IN'T ?311,EAVAA,UNVf\n,COFrf •H~fiOR 
C. 
C 
71, IF (K .f 1~. l) GO TO. '/'f7 
7h GO TO 99 
77 777 CALL f )(JT 
00 END 
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APPENDIX II 
Presentation of Experimental Results 
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FIGURE I 
Hypalon (Chloro-Sulphonated Polyethylene) 
Exposed to Tap Water. Sample Thickness 
was 58 mils. 
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FIGURE II 
Neoprene Samples Exposed to Tap Water 
I 
-·-
0 
- Sample thickness 71.0mils and obtained 
from Gates Rubber. Sample had surface 
imperfections. 
- Sample thickness 69.0 mils and obtained 
from local auto supply store. Sample 
possessed a much better surface when 
compared with the Gates sample. 
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FIGURE III 
Neoprene Samples Exposed to Salt and Tap Water 
I 
-·-I 
- Sample Thickness 71.0 mils. Same 
sample as the Gates Rubber sample 
of Figure II. Exposed to tap water. 
0 - Sample Thickness 71.0 mils. From 
same Gates Rubber sample sheet exposed 
to salt water (IX concentration). 
Demonstrates the effect of salt concentration on 
the transmission rates. 
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FIGURE IV 
TPX (Methylpentene Polymer) exposed to Salt and Tap Water 
I 
- · - Sample Thickness 10. 7 mils. Sample 
exposed to tap water. 
D Sample Thickness 63. 3 mils. Sample 
exposed to salt water (IX concentration). 
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FIGURE V 
TPX (Methylpentene Polymer) exposed to Salt Water 
0 
-·-
Sample Thickness 63.3 mils. Same 
sample as presented in Figure IV. 
Sample Thickness 10.7 mils. 
'.LWo tests conducted to show the reproducibility of 
data from test to test on the same material. 
(i.e. the same polymer but different samples). 
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FIGURE VI 
Diene Rubber Exposed to Salt and 
-·- Sample Thickness 30.0 mils. Exposure to 
salt water (IX concentration).· 
[J Sample Thickness 30.0 mils. Exposure to 
tap water. 
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FIGURE VII 
Effects of Thermal History on Mylar and Tap Water 
0 Initial test begun at room temperature and 
readings taken at progressively higher temp. 
Sample cooled back to room temperature and 
then progressively higher temp. examined. 
[] - Sample again cooled and process repeated. 
I 
- ·- - Procedure repeated a four time. I 
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FIGURE VIII 
Teflon FEP exposed to tap water enviorment (Sample 
thickness= 10 mils) 
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FIGURE IX 
Type 5 Portland Cement modified with Dow 460 
(styrene-butadiene) latex exposed to tap water. 
Sample thickness= 3/8". 
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TABLE A 
Swelling data obtained for various materials 
SEA WATER 
Neoprene 
EPDM 
Hypalon 
Teflon FEP 
TAP WATER 
Neoprene 
EPDM 
Hypalon 
Teflon FEP 
% Weight Change 
1.25 
.69 
1.66 
.0038 
2.2 
.794 
4.43 
.007 
-77- \ 
0 40 C (30 days) 
1.91 
1.53 
2.05 
.004 
3.64 
1.83 
6.2 
.006 
.... : r, 
,. 
,. 
'.,' 
,· 
_., 
_j. • 
TABLE Jf 
Preliminary Estimates of Diffusion Coefficients 
Temperature : 40°c 
Polymer P(g/min/mil/cm2) r a S(g g) D(g/min/mil/cm
2) b 
Salt Water 
Neoprene 5 X 10-
5 I 
.0211 2 .37 X 10-
3 
Hypalon .0258 
EPDM 
-6 
.0176 
-4 
7 .8 X 10 4.43 X 10 
Teflon FEP .00004 
Tap Water 
Neoprene 
-4 : .0452 -3 2 .8 X 10 6.2 X 10 
-5 -4 
Hypalon 1.65 X 10 .0778 2.12 X 10 
EPDM 8.2 X 10-
6 
., .0236 
-4 3.47 X 10 
Teflon FEP 
-6 
.00079 3.82 X 10-
3 
3.0 X 10 
a Solubility data is represented as the change in wt. of the 
sample over the original wt. of the sample(% change). Data 
representt 55-·day test~ ( a continuation of the data 
in TABLE A), 
b Diffusion coefficients are obtained once the permeability 
and solubility are known ( P=DS ). 
TABLE C 
Calibration Check of the Permeability Apparatus 
A sample of polypropylene was acquired from Dr. R.B. Long 
(Essa Research and Engineering Center, Linden, N.J.). Dr. Long's 
group was involved in testing water permeabilities at elevated 
temperatures and the material that was received for testing was 
from the same sheet from which he had tested. Dr. Long's 
assistance and cooperation is gratefully acknowledged. 
The results are as follows: 
4.2 x 10-7 gm/mil/min/cm
2 
1.6 x 10-7 gm/mil/min/cm
2 
( Essa result) 
( Result of this report). 
The temperature of the test was 25 °c 
This is excellent agreement since Dr. Long has experienced 
a ten fold difference in permeability of two different samples 
taken from the same sheet of material. 
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-j- -i- -t I I I I I 
10 8 
I 
{' 
.308 .313 .333 .353 ,373 .393 
TEMPERATURE"'° I 
( 
GEHMAN TEST OF 
\ 
FIGURE X' 
EPDM 
I 
l 
MATERIAL 
Hypalon 
EPDM l 
Mylar 
Neoprene 
TABLE D 
Results. of Computer Calculations -
(Activation Energies and Least Square) 
Equations 
ENVIORMENT 
Tap 12.65 
4.17 
Tap 13.29 
5.77 
Salt 14.02 
Tap 13.03 
Auto Supply Salt 9.7 
Gates Tap 17.1 
Gates Salt 7.7 
TPX Tap 13.7 
TPX Salt 11. 4 
EQUATION OF LINE 
LOG P =A+ B(l/T) 
A B 
4.05 -2764, 7 
-2,J.8 -912·.1 
3.90 -2905. 3 
-1.08 -1216.8 
4. 38 -3063.9 
3.69 -2848.9 
2.10 -2121. 0 
8.39 -3739.9 
1. 09 -1687.1 
4.76 -2993.8 
3.27 -2501. 8 
1 'lwo values for each enviorment refer to two segments of curve 
due to break point (see FIGURE VI). First values low temperature 
part of curve; second values high temperature part of curve. 
\ 
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APPENDIX III 
Conversion of Parts per Million Volume to Grn/Min/Mil/Cm2 
From the clefinitioll 0£ part~; per ndllion l.,y ·"·olurne, 
p p M : ---~-::-~·~?»::_ __ -- = 
Cc. N >< IO 6 
2.. 
\'V)O \e .$ \-.+ ~ Q 
-·-· -·- ______ .. ·--
n ,o l,?..S t,J
2 
x I O b 
_ ~ r H., o / I e, 
'j,.... N, /ze, x 10 " 
and for rJ flow rate of J.00 cc/min of N2 through the monitor 
P\/ ::. "" R T n = ...!::2- V :-: I O O (., c.. / .,.,. -, I """'I 
P = 2. 3 I "'+';"'"'I -= 2o p ~, ""·, 
l'Y) ::. 0,2.<oZ. 
so' 
~--'=-'-. 0 i' Hi.O ::.. 
r",1 ..... 
5 rv-\ / 'rV"l , r'"\ 0 -+- H 2.. 
~c.z~~_(_i~~)~.-
28 X' 10 (:, 
.::. 
··1- -
--
R. = 
1· •o u K 
r::32. o s 7 
I, ~87 x - 7 10 
Dividing by the arr;a of the s,:nnple and multiplying by lhe 
sample thickness (JreJ for polymer not concrete samples is 
used), 
22 0 '° c..~2.. ( 2 II 
I '1 
x 
thus, 
'J rn / rv, , .-, / .-.--, , J / c r'Y\ 1• =-
1·"87 X 10- 7 (PPn)(-f:) 
A 
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CONVERSION FACTORS BE'IWEEN SOME OF THE COMMON TRANSMISSION UNITS 
Multiplication Factor for Transmission Rate in 
G-cm g-mil g-mil g-m;l 
g-mil 
m2 
-24 hr. m~- 24hr l00m2- hr 
lOOin--hr cm2-min 
From 
~-cm 
2 3 l.06 -is 
hr l 
3.94xl0 l.64xl0 2.73xl0 
m -24 
~-mil -3 4.l7 
-3 6.94xl0-S 
I hr 2.54xl0 
l 2.69xl0 
CX>-
m -24 
vi 
I g-mil 
-4 -l 
-4 -8 
lOOm2- hr 6.lOxlO 2.40xl0 l 
6.45xl0 l.67xl0 
g-rnil 
-l 2 l.55xl03 
-5 
l00in2- hr 9.43xl0 3.72xl0 
l 2.59xl0 
g-mil 
3.66xlo4 l.44xl0
7 io 7 4 
cm2- min 6.0x 
3.87xl0 l 
\ 
APPENDIX IV 
Suppliers of Test Materials and Equipment 
The assistance of the following companies in supplying test 
materials is gratefully acknowledged: 
MATERIAL 
Teflon FEP 
Mylar 
Hypalon 
Neoprene 
Ethylene Propylene 
Diene Monomer Rubber 
TPX 
460 Latex 
SUPPLIER 
E.I. DuPont de Nemours & Co. 
Wilmington, Delaware 19898 
Gates Rubber Co. 
Wilmington, Delaware 
Carlisle Tire & Rubber Co. 
.Carlisle, Pennsylvania 
Imperial Chemical Industries 
Dow Chemical Co. 
The cooperation of ~ir Products Co., Trexlertown,Pa. in 
supplying a moisture monitor for our emergency use is 
appreciated. 
Other suppliers of materials that were purchased: 
MATERIAL 
Diaphragm for pressure 
cell 
Monel Metal 
Ethylene 
0-rings 
.-J Propylene Rubber 
(size: 2-035 ) 
2-042 
SUPPLIER 
Bellofram, Corp. 
Blanchard.Road 
Burlington, Mass. 
Whitehead Metals 
1955 W. Huntington Park Ave. 
Philadelphia,Pa • 
Louis Hein Co. 
W. Conshohocken,Pa. 
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